Autotransporter proteins are a large family of virulence factors secreted from Gram-negative bacteria by a unique mechanism. First described in the 1980s, these proteins have a C-terminal region that folds into a β -barrel in the bacterial outer membrane. The so-called passenger domain attached to this barrel projects away from the cell surface and may be liberated from the cell by self-cleavage or surface proteases. Although the majority of passenger domains have a similar β -helical structure, they carry a variety of subdomains, allowing them to carry out widely differing functions related to pathogenesis. Considerable biochemical and structural characterisation of the barrel domain has shown that ' autotransporters ' in fact require a conserved and essential protein complex in the outer membrane for correct folding. Although the globular domains of this complex projecting into the periplasmic space have also been structurally characterised, the overall secretion pathway of the autotransporters remains highly puzzling. It was presumed for many years that the passenger domain passed through the centre of the barrel domain to reach the cell surface, driven at least in part by folding. This picture is complicated by confl icting data, and there is currently little hard information on the true nature of the secretion intermediates. As well as their medical importance therefore, autotransporters are proving to be an excellent system to study the folding and membrane insertion of outer membrane proteins in general. This review focuses on structural aspects of autotransporters; their many functions in pathogenesis are beyond its scope.
Introduction
The essential nature of autotransporters is now well understood and has been widely reviewed (1 -6) . The archetypal proteins consist of an N-terminal signal sequence, a central passenger region, and a C-terminal β region. The fi rst report of an autotransporter was by Yanagida et al. (7) in 1986. They cloned a gene, later renamed ' SSP ' , from Serratia marcescens into Escherichia coli and showed that it directed production of an extracellular serine protease. The N-terminal signal peptide was found to be removed, and the C-terminal region remained associated with the membrane, even after proteolytic cleavage released the soluble protease domain into the external medium. The SSP gene encodes a polypeptide of 1045 amino acid residues, but stop codons introduced after the region encoding the protease domain completely blocked production of the enzyme. The authors identifi ed the catalytic Asp, His, and Ser residues in the sequence and concluded that the N-terminal sequence directed the preprotein to the periplasm while the C-terminal region (several hundred residues in length) was involved in secretion across the outer membrane. All of these conclusions have been amply proved by subsequent research. In 1989, the same group showed that the catalytic serine, essential for protease activity, is not required for excision of the protease from the C-terminal region (8) . β -Barrels are known to show heat modifi ability, an apparent change in molecular weight on SDS polyacrylamide gels with heat treatment, because of their extreme stability. Since the C-terminal region of SSP showed the same behaviour, it was suggested this region formed such a barrel. Moreover, loss of just the last eight residues from the C-terminus abolished export, as might be expected if these formed a strand in a barrel protein.
At the same time, Pohlner et al. (9) in Germany worked with IgA protease from Neisseria gonorrhoeae , which can also be effi ciently secreted by E. coli . The results with IgA protease are identical to those with SSP, except that SSP is more extensively cleaved after release from the cell (10) . They named the C-terminal region the ' helper ' because deletions in it can abolish secretion, and they noted a highly polar region upstream of amphipathic sequences suggestive of membrane-associated β -sheet structure. They proposed a model in which the helper domain forms a pore in the outer membrane through which the protease domain may pass, acquiring an active conformation as it does so ( Figure 1 ) . The model offered few details (the authors apparently were unaware of the earlier work on SSP), notably providing no energy source to power secretion. The authors commented that the system was ' striking in that a single protein serves all specifi c functions of its own secretion ' , and with this observation, the name ' autotransporter ' was coined (11) . Autotransporters are also known as ' type V ' secretion, a classifi cation that is split into types Va, Vb, Vc, and Vd ( Figure 2 ). Whether type Va proteins such as SSP and IgA protease really belong in a class with ' two-partner ' systems (type Vb) is open to dispute (3) .
Fusion proteins
The idea occurred independently to the groups working with SSP and IgA protease to use the β region of autotransporters as a means to express other proteins on the cell surface or secrete them. An early example is the B subunit of cholera toxin, CtxB, which was fused to the C-terminal domain of IgA protease (12) . Various fusion constructs were tested in which up to around 100 residues of CtxB were fused to the IgA protease β region, with the signal peptide of CtxB at the N-terminus. It was found the CtxB was exposed on the cell surface if mercaptoethanol was added to the culture, but if a native disulfi de bond was allowed to form between the two cysteine residues at positions 9 and 86, then secretion was blocked. Mutants in which either or both of the Cys residues was/were replaced showed secretion even under oxidising conditions favouring SS bond formation. Later, it was shown that absence of the DsbA oxidoreductase from the periplasm of the host E. coli allowed secretion of CtxB carrying both cysteines (13) . It was concluded that, as long as the passenger maintained a transport-competent state in the periplasm, it could be effi ciently secreted by the β region. What that Figure 1 The autotransporter model of Pohlner et al. (9) . IgA protease enters the periplasm by means of its N-terminal signal peptide, which is cleaved away. The C-terminal region (shown in black) then inserts into the outer membrane, creating a means for the passenger domain (grey) to move to the cell surface in an extended conformation, folding outside the cell. Classical autotransporters are also known as type Va secretion systems and consist of an N-terminal signal peptide, the passenger domain, which includes a C-terminal region involved in folding the passenger outside the cell, and a β -barrel region, which forms a 12-stranded barrel in the outer membrane. TPS systems are also known as type Vb systems, although to classify them as autotransporters is not entirely uncontroversial. The passenger protein (TpsA) has an N-terminal region recognised by the POTRA domains of the integral membrane protein TpsB. Secretion of TpsA occurs through the 16-stranded barrel of TpsB. Trimeric autotransporters (type Vc) resemble type Va, with the 12-stranded β -barrel and passenger encoded in the same gene, but they are homotrimers. Recently, a new type of arrangement has been found, termed type Vd, in which a single polypeptide carries the passenger as well as a POTRA domain and a TpsB-like 16-stranded barrel (78) .
' transport-competent ' state actually is a key question, since there is evidence of passenger folding in the periplasm. Not only can disulfi de bonds form between cysteine residues at suitable places in the sequence, but IcsA (also known as VirG) is digested by proteinase K to give the same 62-kDa fragment if digested in the periplasm or outside the cell after secretion (14) . Single-chain antibodies were also shown to fold before moving across the outer membrane, implying a channel of 2 nm diameter (15) . The biotechnological potential of the autotransporters has been successfully exploited for a number of proteins now (16) and forms the basis of at least one commercial enterprise (17) . The remarkable apparent simplicity, involving one polypeptide and requiring no other protein factors, contrasts dramatically with other protein secretion systems of Gram-negative bacteria, which may require dozens of genes to secrete a single substrate protein (18) .
In 1995, the group of Sasakawa (19) showed that the VirG (IcsA) protein of Shigella secretes through a very similar mechanism to IgA protease but remains attached to the cell surface. VirG and IgA protease have no notable sequence similarity and very different roles in pathogenesis, so this was the fi rst work linking these two proteins. Fusion proteins were made of MalE (a typical periplasmic protein of E. coli ) and the β region of VirG to investigate how much of the upstream region of the C-terminal domain is needed for transport. Sequence analysis predicted 14 membrane-spanning β -strands within this domain and 1 membrane-spanning α -helix at its N-terminal end. Five constructs were made in which the N-terminal 366 residues of MalE were attached to different lengths of VirG β region ending at the C-terminus, residue 1102. These fi ve constructs included the C domain of VirG from residue 764, 782, 801, 818, or 837. The α -helical region was predicted to lie between residues 801 and 818. Whole-cell ELISA assays showed the fi rst three constructs all moved MalE to the cell surface, indicating that the predicted helix was required for transport. However, constructs 2 and 3 gave very different proteinase K susceptibility in whole cells. For the fi rst construct (starting the C domain fragment at residue 764), MalE was readily accessible to the protease, leaving only a 36-kDa membrane-embedded VirG fragment. In the case of constructs 2 and 3, the protein was not as completely digested, suggesting a small proportion had failed to reach the cell surface, and the stable membrane fragment was not seen. The other two constructs (4 and 5) failed to display MalE at the cell surface, and the fusion protein was inaccessible to proteinase K. After osmotic shock, the fusion protein was completely digested in each case except construct 1, in which the 36-kDa VirG membrane fragment remained. It was later shown with IgA protease that a so-called linker region upstream of the β region was required for proper secretion of passengers and insertion of the β domain into the outer membrane; the linker and β domain together were called the ' translocation unit ' (20) . More detailed analysis was carried out with BrkA in 2003 (21) . This autotransporter from Bordetella pertussis acts as an adhesin; it is naturally cleaved within the predicted α -helical region of the translocation unit but remains strongly attached to the cell surface. Thirteen deletion mutants were constructed, and it was shown that a region of 30 -39 residues upstream of the β region was required for the passenger to appear at the cell surface and cleavage to occur. Surface appearance and cleavage were never seen to occur separately. Large deletions in the N-terminal region of the passenger were not found to affect secretion.
Autochaperone domain
One of the most astonishing results to emerge from work on autotransporters is that the region shortly upstream from the β region can act in trans . This was fi rst shown with SSP, whose mature passenger protease ends at residue 645 and whose mature β domain begins at residue 717 (22) . The 71 residue region between these was called the ' junction ' . The fi rst 30 residues and the last 17 residues of the junction were found to be essential for protease production, although deleting the middle part of the junction had no apparent effect. SSP with the catalytic serine mutated showed a different behaviour and failed to appear if any modifi cations were made to the junction. If exogenous mature SSP was added however, the mutant could be seen, suggesting that the mutant did in fact secrete but was susceptible to surface protease activity, which was itself destroyed by SSP. On expressing in separate cells grown together, an SSP deletion mutant missing the junction and the junction attached to the β region, normal SSP protease activity appeared. The junction also helped refold mutant SSP in vitro (22) . Similar results were obtained with BrkA; a region from Glu 601 to Ala 692 was found to be necessary for the BrkA passenger to fold correctly (23) . E. coli strain UT5600 is defi cient in the outer membrane proteases OmpT and OmpP. BrkA missing the region from residues 601 to 692 can be displayed on the surface of this strain, but not host E. coli with OmpT. This shows that correctly folded BrkA passenger is proteaseresistant and the deletion mutant cannot fold correctly. The protease sensitivity of the mutant can be removed by surface expressing the Glu 601-Asn 692 region in trans , allowing the passenger to fold.
The region of BrkA from Thr 606 to Leu 702 shows sequence similarity to a number of other autotransporters, but the sequence conservation is much less on either side of this region. In 1996, the fi rst crystal structure of an autotransporter passenger domain was solved (Figure 3 A) , that of pertactin (Prn) from Bordetella (24) . This protein is another adhesin that forms a component of the current vaccine against whooping cough. The structure consists largely of a β -helix, with a change in the fold at the C-terminus corresponding to the rescue region. This region is naturally cleaved away from some autotransporters such as SSP, so it is not required for stability once the passenger has folded. The pattern of cleavage (where it occurs) is not generally preserved between autotransporters and refl ects events subsequent to secretion. A homology model of the BrkA junction region based on the Prn structure is shown in Figure 3 B. Since the name ' junction ' was originally defi ned by the unique cleavage pattern of SSP, the more general name of ' autochaperone (AC) domain ' is often used to indicate this region of the passenger protein. Extensive mutagenesis of EspP (an autotransporter from enterohaemorrhagic E. coli ) showed changes to this region, which has many hydrophobic residues, has a profound effect on secretion, and is dubbed the ' hydrophobic secretion facilitation domain ' (HSF) (25) .
By the mid-1990s, only a handful of autotransporters were described, apart from IgA protease and SSP, including Hap of Haemophilus infl uenzae (26) , temperature-sensitive hemagglutinin (Tsh) of avian pathogenic E. coli (27) , vacuolating toxin (VacA) of Helicobacter pylori (28) , and AIDA-I, an adhesin from enteropathogenic E. coli (29) . It was already clear, however, that this group of virulence factors shared a common secretion pathway and played signifi cant but very different roles in bacterial infection. The size of the minimal translocation unit (linker and β core) is remarkably similar. By the late 1990s, bacterial genomes were being sequenced and bioinformatics allowed many more autotransporters to be identifi ed from DNA sequences. It was soon realised that far from being a minor group of unusual proteins, autotransporters are the largest family of proteins secreted from Gramnegative bacteria. A review by Henderson et al. (6) heralded a rapid expansion in the fi eld, as more pathological processes were linked to these proteins.
Extra factors
The discovery in 2003 by Voulhoux et al. (30) that autotransporters require assistance to insert in the outer membrane was unexpected. They showed that, in Neisseria , the highly conserved and essential protein Omp85 plays a required role in the insertion of proteins into the outer membrane. The E. coli homologue was formerly called YaeT and is now known as BamA, part of the ' barrel-assembly machine ' . BamA consists of fi ve polypeptide transport-associated (POTRA) domains at its N-terminus followed by a 16-strand β -barrel (31) . The POTRA domain was fi rst recognised by sequence analysis to be a 70 -75 residue domain often associated with protein secretion (32) . BamA analogues are known with different numbers of POTRA domains at the N-terminus, but always at least one. In Neisseria , only the POTRA domain closest to the barrel of Omp85 is essential (33) , but E. coli requires three POTRA domains for viability and grows poorly if domains 1 and 2 are deleted (34) . Recently, a number of crystal structures as well as NMR models and small-angle X-ray scattering data have been published, showing the N-terminal region of BamA forms a chain of POTRA domains with short links of differing fl exibility between them (34 -40) . Although there is some evidence that the POTRA domains detect nascent OMPs in the periplasm by the pattern of hydrophilic and hydrophobic residues along the C-terminal β -strand, the precise role of the domain in any folding or membrane insertion is still under active investigation (31, 41 -43) . It is also known that several periplasmic chaperones such as SurA play important roles in transferring nascent autotransporters to the Bam complex (44, 45) . BamA shows similarity to a known 16-stranded β -barrel structure from another transport protein, FhaC, which secretes the fi lamentous hemagglutinin (FHA) of Bordetella pertussis (46) . FHA and FhaC are representative of twopartner secretion (TPS, also known as type Vb autotransporters) systems, in which the passenger is expressed as a separate polypeptide from the barrel component and each moves to the periplasm independently. The crystal structure of a piece of FHA (Figure 4 A) shows it forms a β -helix, like many type Va autotransporter passenger proteins (47) . FhaC carries POTRA domains such as BamA/Omp85 (Figure 4 B) , but the secreted protein has no 12-stranded barrel similar to the type Va autotransporters. Studies of mutants show that residues within the FhaC barrel pore, notably a loop formed by residues 432 -474 called Motif 3, are required for secretion of FHA, which almost certainly passes through the barrel to exit the cell. Both POTRA domains are required for secretion of FHA, but not insertion of FhaC into the outer membrane. Their precise role remains obscure, although they form essential contacts with FHA and direct it through the pore (48) . The relationship between type Va autotransporters and BamA may be very different from that between FHA and FhaC, however, although both interactions are mediated at least in part by POTRA domains. BamA appears to interact with the C-terminal β -strand of the 12-stranded barrel of type Va autotransporters and sequence preferences by BamA account for the differences in found in C-terminal sequences of autotransporters from E. coli or Neisseria (49) . In contrast, the POTRA domains of FhaC interact with conserved regions of the β -helix in FHA (3, 48) .
Twelve-stranded barrel structure
Conceptually, there are a number of possibilities for the method of secretion if the autotransporter barrel acts as the channel across the outer membrane for the passenger. These include threading, in which the N-terminus of the passenger passes through the channel fi rst, but it is known the passenger C-terminus emerges before the N-terminus (50) . A suggestion that multiple copies of autotransporter proteins may create a channel and act cooperatively (51) is now also discounted since not all barrels seem to associate in the outer membrane (52) and such clusters may be a result of overexpression. The so-called hairpin model, essentially as proposed by Pohlner et al. (9) in 1987, therefore remains strongly favoured but presents the problem of the barrel size. The fi rst crystal structure of an autotransporter β -barrel, that of NalP, shows a 12-stranded β -barrel with only a narrow pore, roughly 10 Å across (53) , much too small to allow two strands of polypeptide to pass each other smoothly ( Figure 5 ). As mentioned above, the nonnatural passenger CtxB cannot be secreted by the translocon except in the presence of strong reducing agents due to the formation of a disulfi de bond. Most autotransporter passengers are free of cysteine residues, including Hbp (haemoglobin protease, also known as Tsh) whose crystal structure is known (54) . Residue pairs lying close together in the folded state were mutated to cysteine to see if these could block secretion ( Figure 6 ), and it was shown that the passenger may be effi ciently exported even if cysteine side chains seven residues apart in the sequence are linked by a disulfi de bond (55) . 
State of the barrel in the periplasm
Perhaps the strongest evidence that the barrel begins to form before membrane insertion comes from the work of Ieva et al. (56) . They examined the protease sensitivity of autotransporters in the periplasm using permeabilised cells and slowing down the speed of secretion by lowering the temperature to 20 ° C. By inserting TEV cut sites at different places along the sequence of EspP, they showed that the highly specifi c TEV protease can cut exposed parts of the passenger, but not regions predicted to lie inside the mature β -barrel. Proteinase K digestion of EspP in the periplasm gave the same-size (33 kDa) fragment as digestion of the fully secreted protein, strongly suggesting that the linker is found within the barrel before membrane insertion. Proteinase K digestion of a slowly secreting EspP mutant with a mutation in the AC domain (W990A) shows that the barrel protects as much of the passenger from the protease in the intermediate (secreting) state as in the fi nal form (57) . In fact, the pulse-chase experiments showed that the protein folded into a barrel-like conformation immediately on reaching the periplasm. If the barrel is formed within the periplasm before membrane insertion, then the results described above showing that disulfi delinked loops are readily secreted imply it is not fully folded or it cannot be the secretion channel. EspP and Hbp are members of the serine protease autotransporters [known as serine protease autotransporter of the Enterobacteriaceae, or SPATEs (58) ] that use a shared intein-like mechanism to cleave the passenger from the barrel by attacking a conserved asparagines residue on its own main chain (59 -61) (Figure 7 ). The fact cleavage is never observed within the periplasm adds further evidence that the barrel does not reach a fully folded form until the passenger has been secreted. Two additional points are noteworthy from the paper of Ieva et al. (56) . One is that a mutant, G1066A, of EspP secretes much more slowly than wild type. Looking at the molecular model, it can be seen that this glycine amide bond forms π -π interactions with a tryptophan residue on a neighbouring β -strand. Replacing the glycine with alanine will displace this tryptophan, which lies inside the barrel, and disturb nearby hydrogen bonds and salt bridges with other internal residues seen in the crystal structures (Figure 8 ). For the replacement of a hydrogen atom by a methyl group to disturb passenger secretion, it must presumably slow down barrel folding, since it appears to provide no signifi cant steric impediment to anything passing through the open barrel. The G1066A mutant therefore suggests that side-chain interactions inside the barrel are important for folding and implies that the barrel does not fold as a hollow tube, since a small displacement of the tryptophan would be fairly trivial in such a case. It was also noted that inserting TEV sites into the EspP sequence upstream of the self-cleavage site displaced residues towards the outer face of the barrel, but placing a TEV site 12 residues downstream of the cleavage site causes the polypeptide chain to shift in the other direction, so that the barrel domain remaining after proteinase K treatment is slightly larger. These 12 residues are highly conserved among the SPATEs, and it has been suggested that mutations in this SPATE motif can block secretion (62, 63) , although the data are controversial (64) . The extensive pattern of interactions formed by the SPATE motif residues in crystal structures appears to be highly stable, in which case, the lumen of the barrel will be blocked as soon as these interactions form.
There remains a conceptual diffi culty therefore in reconciling experimental results showing a barrel-like form enclosing the linker in the periplasm and the hairpin model, which presumes an incompletely folded barrel within the outer membrane. Nevertheless, it must be remembered that the proteolytic protection patterns may result from barrel-like forms, rather than the mature barrel structure.
Role of the AC
As mentioned earlier, the AC domain, upstream of the linker region, plays a role in the correct folding of the passenger but may or may not form part of the mature passenger protein.
The structure of Hbp ( Figure 6 ) shows a similar AC domain to that of pertactin, although sequence conservation is not especially high between these two proteins (54) . A highly conserved tryptophan residue (Trp 1015) forms much of the hydrophobic core of this domain, and replacing this tryptophan with alanine strongly reduced the level of Hbp expression (65) . Hbp mutants showing impaired translocation are degraded by the periplasmic chaperone and protease DegP (55) . In the absence of wild-type DegP and the presence of a DegP mutant with chaperone activity but no protease activity, Hbp W1015A was found to accumulate as an uncleaved 140-kDa intermediate; cell growth was signifi cantly slowed by apparent stress on the E. coli producing this protein but unable to degrade it (65) . The protein was associated with the outer membrane and, like the Hbp 110C/348C mutant, it was not fully inserted into the membrane but easily released with urea. Neither the W1015A mutant nor the 110C/348C mutant showed heat modifi ability of the barrel, indicating that they did not reach the fi nal, stable folded state. The Hbp 110C/348C mutant is, however, partly accessible to proteinase K digestion, whereas the W1015A mutant was not, unless the outer membrane was permeabilised. Immunolabelling experiments confi rmed that the W1015A mutant is much less exposed at the outer surface of intact host cells. Equally intriguing is the fact that the W1015A mutant is much less readily crosslinked to BamA, BamB, and SurA than Hbp 110C/348C. The W1015A mutant therefore appears to be defective in a step before association with the Bam complex, whereas the 110C/348C mutant is blocked at a later step but still unable to insert itself properly into the membrane. Replacement of the tryptophan with alanine seems unlikely to have any effect but destabilise the AC domain fold, suggesting that the AC domain may play a role within the periplasm. It must be noted that if the passenger is deleted, the β -barrel domain is entirely capable of correct and rapid insertion into the outer membrane. The AC domain is therefore not required for this step, but if it is present, then defects in its folding appear to block secretion at an early rather than a late stage. With the benefi t of hindsight and homology models, it can be seen that the results of the Sasakawa group (19) in 1995 with VirG exactly match the results with Hbp. If the last few residues of the AC domain were deleted, including the conserved tryptophan, then the protein failed to form a stable barrel in the outer membrane and the passenger showed less proteinase K susceptibility than wild type. The group of Bernstein et al. (57) has carried out similar experiments with the autotransporter EspP, which is related to Hbp. In this case, however, it was concluded that absence of the buried tryptophan in the core of the AC domain leads to failure of the passenger to fold at the protein surface. In the absence of such folding, it was reasoned that the polypeptide is not properly pulled through the outer membrane. The difference between the Hbp and EspP results may be more apparent than real, however, since the EspP work was carried out in a host strain with wild-type DegP activity. The mutant EspP detected at the host surface must have escaped DegP degradation, possibly due to the high expression level of the mutant autotransporter and represents a proportion of the protein entering the periplasm. Both sets of results therefore indicate that folding of the AC domain is required for correct insertion into the membrane, a paradoxical fi nding since it has been known for years that the passenger must be in a transport-competent state for transport and this is often assumed to involve a readiness to unfold, if not a state of being unfolded. Once the AC domain of classical β -helical autotransporters has reached the cell surface, its role is to drive folding of the remainder of the passenger (57) . In the case of TPS (type Vb) systems, the N-terminal TPS domain of the secreted protein is believed to play a similar role to the AC domain of type Va proteins -although secretion is from N-to C-terminus in the fi rst case and opposite in the latter.
Trimeric autotransporters
While the trimeric autotransporters have attracted less interest than classical type Va proteins for studies of secretion, they are of enormous importance medically as adhesion factors for a variety of pathogens. As mentioned earlier, analogies between the TPS systems and the type Va autotransporters may not be appropriate or helpful, but the trimeric (type Vc) autotransporters share with the type Va systems a 12-stranded barrel (66, 67) . The crystal structure of such a barrel is known, the Hia adhesin from H. infl uenzae (68) . In these systems, each monomer provides four strands of the β -barrel and an N-terminal passenger domain that folds independently into a trimer ( Figure 9 ) . If the hairpin model is correct, then the barrel of the type Vc proteins must accommodate no less than six strands of polypeptide simultaneously. It is also diffi cult to understand how the membrane region of each subunit might be inserted into the outer membrane one at a time; conceptually, with similar slippage along one strand boundary, or stretching the possibilities further, even with 13 strands in the case of monomeric type Va proteins. Such unstable intermediate forms may have an expanded lumen through which the passenger may pass with relative ease, the barrel collapsing to its known fi nal structure once the passenger has secreted. Such a model could account for the proteinase K or TEV proteolytic patterns found for EspP within the periplasm and the known lack of stability of any secretion intermediate. A 13-stranded barrel is rather fanciful and unsupported by evidence. Also, almost all known barrels have an even number of strands, but such a hypothetical intermediate has the advantage of only half the number of polypeptide strands lying within the barrel lumen (one in the case of a monomeric AT). Recently, a barrel structure of the mitochondrial protein VDAC has been solved by several groups and shown to have 19 strands, with the fi rst and last strands parallel (75 -77) . In such a model, the SPATE motif would help form the 13th strand, ensuring no cleavage of the passenger until secretion was complete. Other expanded states of the barrel are clearly also possible, and new results are needed to help defi ne which is correct.
Outlook
The hairpin model of autotransporter secretion, despite the diffi culties presented by a variety of evidence, maintains considerable support for the very good reason that it is not clear what might replace it. As described earlier, it is now known that the Bam complex plays an essential role in AT secretion, but it remains unclear what that role might be. There is a topological problem if the central cavity of BamA is proposed to act as the secretion channel of type Va or Vc autotransporters. Since BamA is almost certainly a 16-stranded β -barrel, if the autotransporter enters its lumen, there is no way to release it. On the other hand, no experimental evidence supports a model by which an autotransporter exits the cell unfolded through another channel (such as BamA) and then reinserts into the outer membrane from the outside. The type Vb and type Vd systems have their own specifi c BamA homologue, and electrophysiological experiments have shown that that BamA and FhaC can act as membrane channels. For Vb and Vd systems (Figure 2 ) , there is no topological problem with the BamA homologue acting as the channel since there is no 12-stranded barrel to be placed in the membrane; the passenger in these systems can simply pass through the 16-stranded barrel. The current diffi culty is in understanding the nature of the intermediates as classical (Va) and trimeric (Vc) autotransporters exit the cell. Perhaps, the barrel simply inserts into the outer membrane in a loose conformation able to expand, giving it a larger central hole, although proteolytic probing of autotransporters in the periplasm is more consistent with a structure close to the fi nal form. It is also not quite clear, if the barrel is in a highly fl exible state, why mutants disrupting interactions in the fi nal form of the barrel (such as G1066A in EspP) might slow down secretion signifi cantly, rather than simply give a less thermostable fi nal barrel. If, on the other hand, residue 1066 has to occupy a region of it is far simpler for the barrel to form within the periplasm, with the help of DegP and other periplasmic chaperones (44, 45, 69) , and then insert as a unit into the membrane. It is clear, however, from the barrel structures that these are stable, with considerable interaction between the central residues of the linker and the inner walls of the barrel. Despite the recent spate of crystal structures of surface-exposed domains of trimeric autotransporters (70 -73) , the secretion mechanism itself remains poorly understood.
Barrel collapse
β -Barrel proteins have generally been considered highly stable, rigid structures. Two very recent crystal structures from the group of Waksman et al. (74) challenge this assumption, however. The usher FimD is responsible for exporting the adhesin FimH from uropathogenic E. coli . Its structure shows a 24-stranded barrel with a central plug domain. On interacting with the complex of FimH and its chaperone FimC, however, the barrel structure changes from a fl attened form to a much more nearly circular form and the hydrogen bonding pattern between adjacent strands is also seen to change for one strand (comparing PDB models 3OHN and 3RFZ). It is conceivable therefore that the AT barrel initially forms the Ramachandran plot generally only available to glycine in some intermediate expanded barrel, this seemingly innocuous mutation could perhaps hinder secretion. As the discoverer of the chemiosmotic coupling Peter Mitchell put it in his Nobel lecture, ' The obscure we see eventually, the completely apparent takes longer ' .
